Abstmct. Ultrastructural changes induced by chlamydia1 infection of niucosal cells of the ileum of ncwborn calves after oral inoculation were investigated. Depending on the stage of chlamydia1 development, the organelles of all infected cells became damaged. The damage was degenerative and included vesiculation of microvilli and swelling of the terminal web of absorptive epithelial cells. The mitochondria were swollen and had fragmented cristae. The endoplasmic reticulum was dilated and vesiculated, and infected cells gradually lost their ribosomes. The lateral junctional complex between infected cells became occasionally dislocated and fragmented. The basal lamina was thrown into folds, became discontinuous and separated from the basal border of the epithelial cells. The nuclei of infected cells were affected last, lost their chromatin pattern, and ultimately became pyknotic.
Enteric disease represents a serious problem for the newborn of many different animal species and man. The newborn encounters numerous infectious agents during the postnatal period when the intestinal microbial flora is being established. Intestinal infections with viruses and other obligate intracellular parasites such as chlamydiae are also known to occur during this period.
Chlamydia1 agents have been isolated from feces of clinically normal young calves [ 151 and from specimens of newborn calves with diarrhea and polyarthritis [ 121. After oral inoculation with specific chlamydia1 strains, young calves developed diarrhea and died rapidly because of water and electrolyte losses, but only minor gross and histopathologic lesions were detected in the intestine [5] . Since chlamydiae replicate by going through a welldefined developmental cycle, infected cells can be identified ultrastructurally. The purpose of this investigation was to analyze ultrastructural changes induced by chlamydiae in the ileal mucosa of calves that developed diarrhea after oral inoculation.
Materials and Metliods
Three neonatal Hereford calves from chlamydia-free cows were used as principals. The calves were separated from their dams immediately after birth, and were without access to colostrum. They did not excrete any cytopathogenic viruses or chlaniydial agents in their feces [ 5 ] . All were fed milk free of chlamydiae or chlamydia1 antibodies.
The inoculum used was the LW-613 chlaniydial strain, originally isolated from the tarsal joint of a calf with polyarthritis [12] . The inoculuni was in the twelfth and fifteenth yolk-sac passage. The calves drank the inoculuni from nippled bottles with force-feeding. Each calf received approximately 4 x 1 Os C E L D ,~ of yolk-sac-propagated chlaniydial agents suspended in sucrose-phosphate buffer. The calves began to excrete the agents in their feces 1-3 days after inoculation [5] .
Necropsy examination was performed when the calves reached a moribund stage 4-5 days after inoculation. They were killed by electrocution and bled from brachial vessels. The abdominal viscera were exposed at once. A 2-mni wide intestinal ring from the terniinal ileum was obtained and placed into a Petri dish containing chilled phosphate-buffered solution of 6.25% glutaraldehyde. When the tissue became rigid after 4-5 niin, it was cut with a sharp razor blade parallel to the longitudinal axis of the villi into 1-mm3 cubes. These tissue blocks were then transferred to 5-in1 vials in which they were processed routinely for electron microscopic examination.
The blocks were initially fixed in phosphate-buffered solution of 6.25% glutaraldehyde at pH 7.2 [8] , and then in 1 % osmium tetroxide-phosphate-buffered solution at p H 7.4. They were rinsed in 0.22 M sucrose in 0.1 M phosphate buffer and then dehydrated in a series of graded strengths of ethyl alcohol. The specimens were then treated with three changes of propylene oxide and mixtures of propylene oxide and epon 812. The blocks were embedded in epon 812, placed into flat molds, and polymerized at 45 "C for 24 h, and at 60 "C for 48 h.
The tissue blocks were so oriented as to obtain sections parallel to the longitudinal axis of the villi [3] . After the blocks were trimmed, thin sections were cut with glass or diamond knives on LKB and MT-2 ultratomes. Only 60-to 90-nni-thick sections showing silver-white color interference were selected for examination. They were placed on formvar-carbon coated grids, stained as soon as possible with an 8 % alcoholic solution of uranyl acetate [14] , followed by lead citrate [lo] and then examined with an HS-8 Hitachi electron microscope.
Results

Cytologic Findings in Lumen of Ileum
Various pathologic cellular components were found in the lumen of the ileum. There were numerous degenerated inucosal epithelial cells and cytoplasmic fragments surrounded by plasma membrane that contained chlamydiae. Chlamydiae were also seen free in the lumen or adsorbed to the brush border. Viable and degenerated neutrophilic leukocytes and erythrocytes were abundant in the lumen. Often leukocytes pavemented infected enterocytes and extended pseudopods between or onto the microvilli of the brush border. Only a few of these leukocytes contained chlamydial forms in phagocytic vacuoles.
Alterations of Mucosal Epithelial Cells
Badly damaged epithelial cells were interspersed randomly between normal cells. Infected epithelial cells were found most frequently on the tips of the villi and in the intervillous zone. Cells in the crypts of Lieberkiihn were rarely infected. The glycocalyx was reduced in amount or completely absent.
The microvilli of infected mucosal epithelial cells lost their uniformity of height, most of them being shorter than normal. They were thick, irregularly shaped, vesiculated, and more sparse than usual with irregular spacing and arrangements. In some cells they were rudimentary, or nearly absent, and had lost their rootlets. The terminal web was ill-defined or replaced by a disorganized zone of shadow immediately below the microvilli ( fig. 1, 3 ). The apical pinocytotic vesicles, which were abundant in mucosal epithelial cells of normal calves, were rarely encountered in infected cells.
Free ribosomes of cells in the early stage of chlamydial infection were abundant and prominent, but their number diminished very rapidly as the infection advanced, and disappeared completely in the late stage of infection ( fig. I ). The network of smooth and rough endoplasmic reticulum was prominent and easily recognized at the early stage of infection. At this stagestrands of the rough endoplasmic reticulum surrounded the chlamydial forms. As the chlamydial developmental cycle advanced, the endoplasmic reticulum network became ill-defined. In general, the channels of the endoplasmic reticulum network, especially the rough endoplasmic reticulum, eventually became markedly dilated, lost their flattened cisternae, and were converted into vesicles or vacuoles that appeared empty or contained material of moderate electron density ( fig. 2 ). In the late stage of infection, the smooth endoplasmic reticulum was difficult to recognize, and the rough endoplasmic reticulum was represented by a few dilated vesicles (fig. 1) .
The mitochondria of cells in the early stage of infection appeared normal in shape and electron density, but as the infection advanced, the number of mitochondria decreased. Those remaining became swollen and electron-translucent with few cristae, which appeared fragmented, condensed, distorted or displaced to the periphery ( fig. 1-3 ). Occasionally circumferential membranes wrapped around degenerated mitochondria ( fig. 3 ).
The Golgi complex was rarely seen and, when present, was rarely damaged. In a few sections, the only detectable changes consisted of slight The lateral junctional complex was moderately displaced and sometimes fragmented. This was especially evident in epithelial cells that had large chlamydial inclusions extending laterally. The desmosomes persisted, and the converging fibrils were remarkably well preserved and remained concentrated in the vicinity of the desmosomes. Degeneration of local areas of the lateral plasma membrane was evident in some sections and occurred above or below, or both above and below a desmosomal plaque which was left in situ ( fig. 1 ). The basal lamina became loose and widely separated from the basal cell border. It assumed a festooned pattern in the lamina propria mucosae and frequently became discontinuous.
In addition to the above changes, some infected epithelial cells contained occasional multivesicular bodies, myelin figures, membrane-bound lysosomelike structures, large vacuoles, and dense bodies. Most of these structures were above the nucleus (fig. 2, 3 ).
Goblet cells were markedly reduced in number, had accumulated little mucus and were occasionally infected. Chlamydiae were always at the early stage of the developmental cycle in goblet cells, which still contained a significant number of mucous granules. In exhausted goblet cells, the chlamydial development advanced to dividing forms. In goblet cells, chlamydial inclusions were always found above the Golgi elements. Changes in these cells consisted of reduction in mucous droplets and slight dilatation of Golgi elements. In infected argentaffin cells, the infranuclear specific granules were reduced in number. The mitochondria of these cells were swollen and degenerated, and the endoplasmic reticulum was dilated.
Cellular Changes in Lamina Propria Mucosae
Fibroblasts were infected occasionally and had responded to the chlamydial infection by cytoplasmic vesiculation and mitochondria1 swelling. The macrophages were more abundant than in the ileum of normal calves. Most were infected and usually contained large chlamydial inclusions.
Plasma cells were increased in number. Some contained a large number of chlamydial inclusions. These inclusions were present in smooth-surfaced phagosegrosomes, which also contained a dense osmiophilic substance and vesicular structures representing mitochondria or degenerated chlamydial forms. Lysosome-like structures of various sizes and shapes and cytoplasmic vacuolation were seen in the infected plasma cells.
One prominent feature of intestinal chlamydial infection was the exudation of large numbers of neutrophils into the lamina propria mucosae, intercellular spaces, and gut lumen. The lamina propria mucosae was also abnormal and contained edema fluid and extravasated erythrocytes. Fibrin was present in the extravascular space and close to leukocytes. Collagenous fibers remained intact.
The central lacteals were dilated and contained neutrophilic leukocytes along the endothelial cell lining, and a few lymphocytes. In the lymphatic endothelial cells, chlamydial inclusions were located in the cytoplasm facing the luminal surface ( fig. 4) .
The basal lamina of some blood capillaries was discontinuous ; however, concomitant degeneration of endothelial cells or separation of the junctional complex between capillary endothelial cells was not observed.
Discussion
Ultrastructurally, degenerative lesions in the chlamydia-infected intestinal mucosa occurred mainly in epithelial cells lining the villi, the lamina propria and its cellular components. The profuse diarrhea that these calves developed after oral chlamydial inoculation can probably be explained on the basis of damage to the intestinal epithelium. Severe ultrastructural degenerative changes were seen in microvilli of the brush border, the pinocytotic system, endoplasmic reticulum, and mitochondria of absorptive intestinal epithelial cells. It has been well established that the brush border is an important digestive and absorptive surface [2] .
The pinocytotic vesicles that play a role in substrate transport were absent in chlamydia-infected intestinal absorptive epithelial cells. The endoplasmic reticulum, which also is a part of the transport system, had a wide variety of alterations. Mitochondria were reduced in number and were seen at different stages of degeneration. This latter change would be reflected as a decreased energy-producing capacity of the intestinal absorptive epithelial cells, which could result in diminished transport of substances across cell membranes.
Chlamydia1 infection arrests cells in the G, phase of the cell cycle [6] , is cytocidal, and causes loss of cells from the villi. I n addition, edema and pronounced cellular infiltration of the lamina propria occurred. All these changes are likely t o contribute to intestinal dysfunction and malabsorption.
An acute inflammatory response characterized by infiltration of neutrophilic leukocytes was present. Enterobacteria were not seen in the chlamydiainfected mucosa. Correspondingly, it is justifiable t o regard the neutrophilic leukocytic infiltration as being largely, if not entirely, a response to chlamydial infection. Neutrophilic leukocytic infiltration has also been seen in chlamydial pneumonia in cats [l] , monkeys [7, 111, and sheep [4] , and in chlamydial polyarthritis of sheep [9] .
Goblet cells were reduced in number, and some were exhausted. In these cells the chlamydial developmental cycle did not advance to the production of dense-centered, infectious chlamydial forms, but during the early chlamydial development the mucous granules diminished in number and size. A definite conclusion regarding the outcome of the chlamydia-goblet cell interaction cannot be drawn.
Plasma cells are considered to be the gut immunocytes [13] . In intestinal chlamydial infection, plasma cells were increased in number, and some contained large phagosegrosomes enclosing degenerating chlamydial agents. Macrophages also were increased in number, and most were found to be infected with chlamydiae. These cells seemingly furnished an ideal environment for chlamydial multiplication. Since macrophages are mobile, their movements could result in local spread of the infection.
Sequestration of degenerated mitochondria by smooth membranes with subsequent production of myelin figures was seen in some infected cells. Such a focal degradation is a biological process by which living cells resorb or eliminate damaged cellular organelles.
In intestinal chlamydial infection the regenerative activity of the crypt epithelial cells was not greatly affected since few crypt cells were infected. The mitotic activity of these cells was sufficient to replace extruded infected epithelial cells. Hence, neither denudation nor atrophy of villi occurred.
